In Supersymmetry deviations from the SM signal strengths of the 125 GeV Higgs boson can occur, because of possible SUSY contributions in diagrams with loops, which leads to different deviations in signal strengths for processes with and without loop diagrams. In the Next-to Minimal Supersymmetric Standard Model (NMSSM) additional deviations may occur, because of the mixing with the additional singlet-like Higgs boson and/or additional decays into pairs of light particles, like neutralinos, pseudo-scalar Higgs bosons or singlet-like Higgs bosons. In this paper we study these "genuine" NMSSM deviations in detail to check not only their possible size, but also look for correlations or anti-correlations with respect to other channels in the hope to find specific patterns in the deviations as for the SUSY contributions, which occur predominantly in processes including loops in the diagrams. The whole NMSSM parameter space is sampled in a deterministic way. The novel scanning method is discussed in detail in the Appendix. We found three different regions with "genuine" NMSSM deviations, which are largely independent of the production mode. What was surprising: some regions show negativ correlations between final states with fermions and bosons meaning if the signal strengths for fermions decrease the signal strengths for bosonic final states increase, while other regions show positive correlations. The sign of the correlations is a strong function of the mass difference between the observed 125 GeV Higgs boson and the Higgs singlet, so looking for correlations could give useful hints about the existence and mass of the singlet Higgs boson. The features of these "genuine" NMSSM effects have been investigated in representative benchmark points for each of the three regions where a single effect is dominant. These benchmark points have been detailed in the Appendix.
Introduction
After the discovery of the 125 GeV Higgs boson [1, 2] deviations from SM expectations were found, e.g. in the γγ decay, which led to speculations about new physics [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, with higher statistics the measurements became consistent with SM predictions, although the errors are still too large to be sensitive to deviations induced by Supersymmetry (SUSY) where S ij with i = 1, 2, 3 and j = d, u, s are the elements of the Higgs mixing matrix, which can be found in Appendix C. The Higgs mixing matrix elements enter the Higgs couplings to quarks and leptons of the third generation:
where h t , h b and h τ are the corresponding Yukawa couplings, tan β corresponds to the ratio of the vev*s of the Higgs doublets, i.e. tan β = v u /v d . The relations include the quark and lepton masses m t , m b and m τ of the third generation and v 2 = v 2 u + v 2 d . The couplings to fermions of the first and second generation are analogous to Eq. 2.2 with different quark and lepton masses. The couplings are crucial for the corresponding branching ratios and cross sections for each Higgs boson. While the couplings to fermions are proportional to either the mixing element from the up-or down-type state, namely S iu or S id as can be seen from Eq. 2.2, the couplings to gauge bosons consist of a linear combination of both mixing elements:
3)
Thus the couplings to fermions and bosons are correlated, leading to correlated signal strengths as well. The reduced couplings, meaning couplings in units of the SM couplings, only include the Higgs mixing matrix elements and tan β:
where c W/Z , c u and c d denote the couplings to vector bosons, up-type and down-type fermions, respectively. The loop diagrams needed for the reduced couplings to gluons c gluon and photons c γ are parametrized as effective couplings within NMSSMTools [59] . If the reduced couplings are SM-like, the Higgs mixing matrix elements are adjusted such that the reduced couplings are one as function of tan β, which is possible if one chooses S iu ≈ sin β and S id ≈ cos β, as is obvious from Eq. 2.4. In this case the couplings to gauge bosons take automatically SM-like values: c W/Z = cos β · S id + sin β · S iu ≈ cos 2 β + sin 2 β ≈ 1. The components of the Higgs mixing matrix elements squared of the 125 GeV SM-like Higgs boson are shown in Fig. 1 as function of tan β. The points result from the fit for each mass combination in the 3D Higgs mass space, as described in Sect. 3 of tan β can describe the signal strengths and mass of the observed 125 GeV Higgs boson. This is not surprising, since the reduced coupling strengths to fermions depend only on the ratio of the matrix element and either sin β or cos β, as shown by Eq. 2.4. One observes that S u is the dominant component in the linear combination of Eq. 2.1 for the SM-like Higgs boson for tan β > 5. In contrast, for the heavy Higgs H 3 the dominant component is the down-type component, as can be seen from the term S 3d > 0.97 for the benchmark point in Table 5 of Appendix D, which will be discussed later in detail. The square of the singlet component is hardly visible and represented by the thin (red) line at the bottom of the figure.
and indicating that that multiple values
The cross section times BR relative to the SM values is also known as the signal strength µ and defined as:
So the signal strength is obtained by the production cross section σ i for mode i times the corresponding BR for decay j, each normalized to the SM expectation. Normalized cross Figure 2 . Sketch of the sampling technique to determine the allowed NMSSM parameter space. The sampling is done by performing a Minuit fit on each cell of the 3D Higgs mass space (left box) to determine the corresponding seven free NMSSM parameters (right box). The corresponding constraints entering the fit are listed in Table 1 and detailed in Appendix A. The relation between the NMSSM parameters and the Higgs masses is encoded in the public software package NMSSMTools [59] . The second-lightest Higgs boson is chosen to be the 125 GeV Higgs boson, but we repeat the fit in case m H1 =125 GeV. Then the m H1 becomes an m H2 axis in the grid on the left. The 3D Higgs mass space can be restricted to the experimentally accessible Higgs masses and the low dimensionality allows a fit to each cell of the grid. Avoiding stochastic sampling guarantees complete coverage of the Higgs mass space. In addition, each point on the grid can be fitted in parallel, so the complete sampling can be done in the order of hours on a cluster with parallel processors.
sections are called reduced cross sections, which are given by the square of the reduced couplings c i . In the following we focus on the main Higgs boson production modes with the following reduced couplings c i : the effective reduced gluon coupling c gluon for gluon fusion (ggf), c W/Z for vector boson fusion (VBF) and Higgs Strahlung (VH) and c u for top fusion (tth). We consider two fermion final states (b-quarks and τ -leptons) and two boson final states (W/Z and γγ) for different production modes. VBF and VH share the same reduced couplings, so they can be combined to VBF/VH. This leads to 8 In addition, these eight signal strengths can be divided into signal strengths for processes with and without loop diagrams: 3 Analysis method
As mentioned in the Introduction we concentrate on the semi-constrained NMSSM [21, 38] , which has in total nine free parameters: GeV. The signal strengths including gammas and/or gluons deviate from the SM prediction, since the corresponding reduced couplings, and hence the signal strengths, are sensitive to SUSY contributions. These contributions vary with the mass of the stop quark, which varies strongly as function of tan β and the SUSY mass scales, as can be seen from the right panels for m 0 = m 1/2 = 0.7/1.0/1.3 TeV, respectively.
The latter six parameters in Eq. 3.1 enter the Higgs mixing matrix at tree level, see Appendix C, and thus form the 6D parameter space of the NMSSM Higgs sector. The coupling λ represents the coupling between the Higgs singlet and doublets, while κ determines the self-coupling of the singlet. A λ and A κ are the corresponding trilinear soft breaking terms. µ ef f represents an effective Higgs mixing parameter, which is related to the vev of the singlet s via the coupling λ, i.e. µ ef f = λ · s. In addition, we have the GUT scale parameters of the constrained MSSM (CMSSM) m 0 and m 1/2 denoting the common mass scales of the spin 0 and spin 1/2 SUSY particles at the GUT scale. The trilinear coupling A 0 at the GUT scale is correlated with A λ and A κ , so fixing it would restrict the range of A λ and A κ severely. Therefore, A 0 is considered a free parameter in the fit, which leads in total to 7 free parameters and thus a 7D NMSSM parameter space. For each set of the six , which was required to deviate from the SM expectation by fitting it to a value µ theo < 1. This is shown by the overlapping lines in the top left panel (a). The couplings c in panels (b) and (c) are defined in Eq. 2.4 for the lines denoted by u, d, W/Z, while the lines denoted by gluon and γ are the effective couplings of the 125 GeV boson to gluons and photons. The fact that the coupling to gluons in (d) overlaps with the coupling to W/Z implies that the influence from stop quarks is small for the chosen value of m 0 = m 1/2 =1000 GeV. Deviations in signal strengths can either come from deviations of the couplings or from the BRs. Here it is clearly caused by the BRs, since all reduced couplings in panels (b) and (c) correspond to the SM expectation of one. This in contrast to the BRs into invisible final states (in this case neutralinos), shown by the orange line with a negative slope in panel (d), so this BR increases with decreasing values of µ V BF/V H τ τ . The invisible decays increase the total width, which reduces the BRs for all other channels in a correlated way (overlapping lines with positive slope in panel (d)). This leads to the same (=correlated) change in all signal strengths (overlapping lines with positive slope in panel (a)) given the constant couplings in panels (b) and (c). These results are independent of the production modes, as demonstrated by the overlap of the solid and dashed lines in (a) representing the signal strengths for the VBF/VH and ggf production mode, respectively. NMSSM parameters the six Higgs boson masses and couplings are completely determined. The masses of the heavy Higgs bosons A 2 and H ± can be derived from the mass of H 3 and the NMSSM parameters. They are approximately equal in the alignment limit, which Table 1 .
Differences of the fitting procedures searching for loop-induced deviations (middle column) and "genuine" NMSSM deviations (last column). In the first case the signal strengths are required to be one (µ no−loop = µ theo = 1), while in the second case deviations from one for a selected channel are imposed (µ sel = µ theo ), if µ theo = 1. From the fitted parameters one can calculate other signal strengths and check for correlations, like the correlations between µ no−loop and µ loop in the first case and the correlation between µ sel and all other signal strengths in the second case. The listed input parameters are for the case that m H2 =125 GeV, but the fits have been repeated for the case m H1 =125 GeV. The χ 2 constraints are detailed in Eq. A.1 in Appendix A.2.
Procedure

SM-like 125 GeV Higgs boson non-SM-like
Input
is reached if they have masses well above the electroweak scale. Furthermore, one of the masses has to be 125 GeV. Then only 3 Higgs masses are free, e.g. m A 1 , m H 1 and m H 3 . Each set of parameters in the 7D NMSSM parameter space determines a mass combination in the 3D Higgs mass space and their Higgs mixing matrix elements. Alternatively, one can try to reconstruct from a given mass combination in the 3D Higgs mass space with certain signal strengths the allowed region in the 7D NMSSM parameter space. Here there is no unique solution, but one finds regions with equivalent solutions for masses and signal strengths. This can be inferred already from Fig. 1 , since here each entry corresponds to the same mass and signal strengths of the 125 GeV Higgs boson. Given the miniscule differences between these almost degenerate solutions, we call them quasi-degenerate. This is discussed in Appendix A together with relevant questions for such mapping of the 3D to the 7D space concerning the coverage. The sampling method has been used before in Refs [36, 43, 60, 61] The mapping of the 3D Higgs mass space to the corresponding 7D NMSSM parameter space can be obtained from a Minuit fit [62] -as sketched in Fig. 2 -with the parameters of the 7D space as free parameters to be fitted to the input, given by the masses of the 3D space and one or more signal strengths. The relations between masses and parameters are encoded in the publicly available software package NMSSMTools 5.2.0 [59] , which can be obtained from the web site [63] . We switched on the radiative corrections available in NMSSMTools, which is important, since the NMSSM radiative corrections to the Higgs boson can lower the mass by several GeV, see e.g. Ref. [64] .
The inputs and free parameters have been summarized in Table 1 . The middle column describes the inputs and parameters for a fit to check if the SM expectations can be fulfilled, at least by the 125 GeV mass in combination with SM-like signal strengths for all four -9 -processes without loop diagrams, defined in Eq. 2.7. This is what the input µ no−loop = µ theo = 1 means, which is expected in the alignment limit [41] . The corresponding χ 2 terms are defined in Appendix A. One can study the effect of SUSY particles on the signal strengths µ loop from the fitted parameters found for µ no−loop = µ theo = 1. The results are discussed in Sect. 4.
The constraint µ no−loop = µ theo = 1 is not suitable, if one wants to study deviations from SM-like signal strengths for the no-loop processes, as expected for the "genuine" NMSSM effects. For this we require µ no−loop = µ theo = 1. However, requiring all µ no−loop to differ from one by the same amount turns out to be a too strong constraint, since we found regions with anti-correlated signal strengths for the no-loop processes. These can only be found by requiring a single µ no−loop -called µ sel -to deviate from one and see what happens to all other signal strengths calculated from the fitted parameters. The fits are performed as function of µ theo . The inputs and constraints for this case have been summarized in the last column of Table 1 . For the signal strength deviating from the SM expectation (µ sel ) we usually select µ V BF/V H τ τ , but other choices from the four no-loop signal strengths in Eq. 2.7 can be taken as well, which leads to similar results. In comparison with the fit in the middle column of Table 1 one has three constraints less, since only one no-loop signal strength is required to equal µ theo instead of all four. The reduction of the constraints still leads to converging fits, because the signal strengths are highly correlated, as will be discussed in Sect. 6, which means if one constrains a single signal strength the others are determined as well.
Loop-induced MSSM contributions
As mentioned in the introduction, the SUSY particles contributing to loop diagrams can lead to correlations in the signal strengths. This is well known, but in order to compare these correlations with the correlations from "genuine" NMSSM effects, we repeat here shortly the results from Ref. [61] , which serves to illustrate the analysis method too.
The left side of Fig. 3 shows the χ 2 distribution as function of tan β for m 0 = m 1/2 = 0.7/1.0/1.3 TeV from top to bottom, respectively for a given cell in the left panel of Fig.  2 . In this case m H1 = 90 GeV, m H3 = 1000 GeV, m A1 = 200 GeV was chosen. The main contribution to the χ 2 is coming from the signal strengths, which are close to the SM expectation of one for a large range of tan β for processes without loop diagrams, as shown on the middle panels of Fig. 3 . However, the signal strengths including loop contributions deviate from one because of the SUSY contributions. The sign of the deviations depends on interferences in the diagrams. The deviations vary with tan β, while the stop masses vary with tan β, as shown on the panels on the right for the different choices of m 0 , m 1/2 . With increasing stop masses the signal strengths approach the SM expectation of one, as can be seen from the middle column of Fig. 3 . This is expected, since in the limit of infinite stop masses the loop corrections vanish.
The shift in the minimum of the χ 2 function to higher tan β in the left column of the middle and bottom row is caused by the increase in the stop mass -shown in the last column -, which increases the stop corrections to the 125 GeV Higgs boson mass. The broadening -10 -is caused by the larger stop mass and the larger value of tan β, which both increase the MSSM tree level terms of the Higgs boson mass to a mass range, where it becomes less sensitive to tan β.
"Genuine" NMSSM-induced contributions
Using the deterministic scan guaranteeing a complete coverage of the Higgs mass space we found three different regions with "genuine" NMSSM deviations by checking in which regions µ sel = 1 is allowed, as discussed in Sect. 3. The deviations are not restricted to processes including loops, as discussed above, but by correlations between final states with either fermions or bosons, largely independent of the production mode. What was hard to understand initially: some regions had positive correlations between fermions and bosons, while others showed negative correlations. It turned out, that the correlations depended not only on the opening up of new decay channels in some regions, but in other regions from the strength of the mixing between the 125 GeV Higgs boson and the singlet. The mixing is a strong function of the mass difference, so looking for correlations in possible deviations of the 125 GeV boson from SM expectations could give useful hints about the existence and mass of the singlet Higgs boson. Before discussing the results of the scan over the whole parameter space we present the deviations in a representative mass point for each of the three regions, which we call CASE I, II and III. They have the following characteristics:
• CASE I: Additional decays. The decay of the 125 GeV Higgs boson with SM couplings into particles with a mass m < 0.5m Higgs leads to modifications of the total width, which changes all BRs in a correlated way and thus leads to correlated deviations in the signal strengths.
• CASE II: Small Higgs mixing between the 125 GeV and the singlet Higgs boson. A modification of the Higgs mixing matrix elements leads to anti-correlated deviations because the total width is not much affected by the small mixing. The BR to downtype fermions decreases, which can only be compensated by an increase of the BRs to vector bosons for an almost constant total width. This leads to anti-correlated signal strengths for fermionic and bosonic final states. 
Examples of genuine NMSSM contributions
Before discussing the results in the search for deviation from the scan over the whole Higgs mass space we first examplify the three cases (CASE I, II, III) for a represenative point in the Higgs mass space, i.e. fixed Higgs masses, and vary µ theo in a large range, since
are typically larger than 50%, as shown in Appendix B.
CASE I: Deviations by decays of the 125 GeV Higgs boson into non-SM light particles
For CASE I either mχ0 1 and/or m A 1 and/or m H 1 have to be smaller than about 60 GeV to allow decays of the 125 GeV Higgs boson into pairs of these light particles, which leads to deviations from the SM expectation. Here we investigate the deviations from the SM for a specific mass combination in the grid of is required to deviate from the SM expectation by fitting it to a value µ theo = 1. This is accomplished in the fit by increasing the invisible BR via the decrease of the neutralino mass, which can be changed in the fit to a specific value by adjusting the free parameters µ ef f , λ and κ (mχ1 0 ∼ 2 κ λ µ ef f ), as can be observed from the NMSSMTools output for benchmark points in Appendix D in Tables 3-8 for two CASE I examples, called P1 and P2 for µ theo = 1 and 0.7, respectively. For CASE Ib (m A 1 < 60 GeV) and CASE Ic (m H 1 < 60 GeV) one cannot study the deviations for a fixed mass combination, since they require changes in m A 1 and/or m H 1 , which contradicts the study for a fixed mass combination. These cases become apparent, if one samples over all mass combinations, as discussed in Sect. 7.
In the top left panel of Fig. 4 the signal strengths are shown for all eight signal strengths as function of µ sel = µ V BF/V H τ τ between 0.3 and 1. They are overlapping implying the same (=correlated) deviation as the deviation imposed on µ sel = µ
The fact that they all stay identical means they are nearly 100% correlated, which is not unexpected from the correlations in the couplings, defined in Eq. 2.4. It also means that one does not have to fix all signal strengths to a certain value, but it is enough to require only one signal strength (µ sel ) to be constrained. It also explains why one can choose another signal strength for µ sel . These correlated changes are independent of the production mode, as shown by the overlapping solid (dashed) lines for the production via VBF/VH (ggf), respectively. Note that for the bb final states the ttH production mode is selected instead of ggf, as indicated in Eq. 2.6 before. Fig. 4(b) shows the reduced coupling c as function of the selected signal strength µ V BF/V H τ τ for c u , c d and c γ , which are all close to one. The same is true for c W/Z and c gluon in Fig. 4(c) . This implies that for the chosen values of m 0 = m 1/2 = 1 TeV the contribution from stop loops is small, since the stop loops mainly affect c gluon . Since the signal strengths are the product of couplings squared and BRs relative to the SM values, but the couplings stay constant (panels (c)and (d)), the variation in signal strengths in panel (a) must originate in varying BRs. This is indeed the case, as shown in panel (d). BRs of the visible final states, since these are given by the ratios of partial and total widths. The partial widths of visible final states stay constant for constant reduced couplings. These results are independent of the production modes, as demonstrated by the overlap of the solid and dashed lines in (a) representing the signal strengths for the VBF/VH and ggf production mode, respectively.
CASE II: Deviations by weak Higgs mixing
For CASE II a mass combination with all particles above 60 GeV is selected, so decays of the 125 GeV boson into light particles are kinematically suppressed. For this CASE II the mass combination m H1 = 90 GeV, m H3 = 1000 GeV and m A1 = 200 GeV (m 0 = m 1/2 = 1 -13 -TeV) was selected. In comparison with the masses chosen in CASE I the mass m H3 was reduced from 2 TeV to 1 TeV, while the other masses stayed the same. By the decrease of the heavy Higgs boson mass the neutralino mass increases, since they both depend partially on the same parameters, as can be seen from Appendix C.
As before, regions with deviations from the SM expectations are searched for by minimizing the χ 2 value under the constraint µ sel = µ V BF/V H τ τ = µ theo = 1 and the additional constraints defined in the right column of Table 1 . The fit accomplishes this by modifying the NMSSM parameters leading to deviations in the Higgs mixing, since no additional decays are allowed for the selected Higgs mass combination. The change in mixing can be observed from a comparison of S 2s in Table 5 in Appendix D for two CASE II benchmark points, P3 and P4, which were fitted to µ theo = 1 and 0.7, respectively.
By fitting the down-type signal strength µ Table 4 for the benchmark points in Appendix D. The small effect of stop loops is also apparent from the small difference between the couplings c gluon and c W/Z , shown in Fig. 5 
CASE III: Deviations by strong Higgs mixing
In CASE III we select m H1 = 122 GeV, m H3 = 1300 GeV, m A1 = 200 GeV (m 0 = m 1/2 = 1 TeV), so m H 1 is close to m H 2 = 125 GeV), which leads to a stronger mixing between H 1 and H 2 than in CASE II. As for the previous cases, we force µ
The required deviation in the fit is accomplished by increasing the mixing between H 1 and H 2 , as demonstrated in Table 5 of Appendix D for the benchmark points, P5 and P6, for µ theo = 1 and 0.7, respectively. One observes that the singlet component H 2s of the 125 GeV Higgs boson becomes 0.56 for P6, while it is 0.008 for P5. The singlet component does not couple to SM particles, so the couplings to all fermions and bosons decrease from one for benchmark point P5 to about 0.83 for benchmark point P6, as shown in Table 6 and µ theo =0.7 (white points) and 0.9 (yellow points), respectively. The large spread in BRs is caused by the fact that one sums over all mass combinations, which lead to different values of the NMSSM parameters for a given mass value on the horizontal axis. One nevertheless still observes that the BRs hint to the relation BR ≈ 1 − µ theo (see text).
deviations from the SM expectations (µ theo = 0.7 and 0.9) and three different values of the common SUSY masses (m 0 = m 1/2 = 1, 1.5, 2 TeV).
For CASE I deviations are obtained by decays into light neutralinos (CASE Ia), light pseudo-scalar Higgs bosons (CASE Ib) and light singlet-like Higgs bosons (CASE Ic). The BRs, summed over the whole 3D mass space and the different values of m 0 , m 1/2 pairs, are shown in Fig. 7 as function of the mass of the final state particles for two values of µ theo , namely 0.7 and 0.9, respectively. Here µ sel = µ V BF/V H τ τ was chosen, but similar results are found for other choices of µ sel . The neutralino mass is calculated from the fitted NMSSM parameters for each cell in the 3D Higgs mass space which leads to a non-equidistant grid in contrast to the Higgs masses in the two right panels in Fig. 7 . The fit usually converges with a χ 2 value close to zero meaning that the mass combination is theoretically allowed and fulfills all experimental constraints.
One observes in the BRs a correlation with the chosen value of µ theo . This can be understood as follows. Additional decays into light particles increase the total width Γ tot of the 125 GeV Higgs boson: Γ * tot = Γ tot + Γ light > Γ tot . This leads to a reduction of the BRs of the 125 GeV SM-like Higgs boson, where it is convenient to normalize to the BR of the SM. Using the BR into τ leptons as an example one can write:
Sometimes it happens that several particles are simultaneously light, since the masses are correlated, which can be seen already from the approximate expressions m A 1 ∼ λµ ef f and mχ1 0 ∼ 2κ/λµ ef f in Appendix C or that the mixing between H 1 and H 2 (CASE II) changes simultaneously with the total width (CASE I). This leads to the broadening of the bands in Fig. 7 , which are additional broadened by the fact that for a given value of the selected mass on the horizontal axis one sums over the masses of the other Higgs bosons, which leads to different fitted values of the NMSSM parameters. This broadening obscures the relation µ ≈ 1 − BR light , but the correlation between deviations of BRs and µ theo is still apparent. To study the CASEs II and III, where the deviations of the signal strengths are caused by the Higgs mixing with the singlet, we concentrate on the signal strength as function of the mass of the singlet-like Higgs boson, denoted by m H S , which can be either m H 1 or m H 2 and the points are summed over both possibilities. We select again µ sel = µ V BF/V H τ τ and µ theo = 0.9 or 0.7. Fig. 8 shows the signal strengths for fermionic and bosonic final states as function of m H S for two production channels: ggf (top row in Fig. 8 ) and VBF/VH -17 -(bottom row in Fig. 8 ). One observes the following features: The fitted signal strengths for the fermionic final state µ τ τ are close to the chosen value of µ sel = µ theo for the complete Higgs mass range, as shown by the green points in all panels, as expected, since this was imposed by the fit. For the gluon fusion process (top row) the spread is larger, since here the stop masses contribute and the points are summed over the common SUSY masses m 0 = m 1/2 = 1, 1.5, 2 TeV. The signal strengths for the bosonic final state µ W/Z , shown by the red points, tend to be similar to the ones for the fermionic final state (green points) in the region m H S < 60 GeV, which corresponds to CASE I, as discussed in Sect. 6.1.
For m H S > 60 GeV the picture changes. In this case the signal strengths for the bosonic final state (red points) tend to be above the SM expectation of one in contrast to the signal strengths for the fermionic final state (green points). These correspond to the anti-correlated signal strengths for fermions and bosons, as discussed for the single mass combination in Sect. 6.2. The spread in the red points is large for the same reasons discussed above, but the anti-correlation is better seen, if one requires larger deviations, as shown on the right side of Fig. 8 for µ theo = 0.7. In the narrow region for m H S ≈ 125 GeV, the two lightest scalar masses are almost degenerate, which leads to a strong mixing with correlated signal strengths, as discussed for CASE III in Sect. 6.3. Unfortunately, the spread in the points is large, if one sums over all Higgs mass combinations in the 3D mass space and SUSY masses for m 0 = m 1/2 = 1, 1.5, 2 TeV, so the clear correlation from Fig.  6 for signal strengths of fermionic and bosonic final states is not obvious anymore. The difference between CASE II and CASE III originates from the mixing between the observed Higgs boson and the singlet, which is weak in CASE II for a large mass splitting and strong in CASE III for a small mass splitting, i.e. m H S ≈ 125 GeV. In case of weak mixing the total width is changed only mildly, so changes in BRs of fermions, as forced by the fit, have to be compensated by a change in BRs of bosons. In case of strong mixing the singlet component of the observed Higgs boson increases, so the couplings to SM particles decrease, which leads to a correlated change of the signal strengths. These results are exemplified in Figs. 5 and 6 for CASE II and III, respectively and by the benchmark points for the signal strengths of H 2 in Table 7 of Appendix D: for example between P3 and P4 (CASE II) the signal strengths for all decays into fermions (top 4 rows in middle block) decrease from about 1 to about 0.7, while the signal strengths for decays into bosons (following 4 rows) increase to about 1.3. For P5 and P6 (CASE III) the signal strengths all decrease from about 1 to about 0.7, if µ theo is changed from 1 to 0.7, the values for P5 and P6, respectively.
Summary
In Supersymmetry one expects at least one Higgs boson with SM-like couplings. But SMlike means that signal strengths may deviate from the SM expectations. In the MSSM they may occur through the contributions of SUSY particles to loop diagrams. In the NMSSM one can have additional effects, which we call "genuine" NMSSM effects. They occur by additional decay channels of the 125 GeV Higgs boson into neutralinos or lighter Higgs bosons and/or the mixing between the 125 GeV Higgs boson and the singlet. The effects -18 -from MSSM and NMSSM deviations can be disentangled by searching for correlations in the deviations, since in the MSSM the loop corrections lead to specific patterns in the signal strengths from loop-induced processes with only small effects in the no-loop signal strengths, as shown in Fig. 3 .
We searched systematically for the "genuine" NMSSM effects by scanning the NMSSM parameter space in a efficient way by mapping the 7D NMSSM parameter space onto the 3D Higgs mass space and determining the NMSSM parameters for each mass combination of the 3D Higgs mass space, spanned by the m A 1 , m H 1 and m H 3 masses using the fit procedure outlined in Fig. 2 and discussed in detail in Appendix A. Using the deterministic scan guarantees a complete coverage of the Higgs mass space, in which we found three different regions with "genuine" NMSSM deviations. In contrast to the deviations occuring in loopinduced processes they are largely independent of the production mode and distinguish themselves by correlations between final states having either fermions or bosons. What is surprising: some regions have positive correlations between final states with fermions and bosons, while others show negative correlations. To understand these correlations we have studied them for three represenative examplse.In CASE I the deviations originate from additional decays, which lead to correlated deviations, as shown in Fig. 4(a) . CASE II (III), corresponding to weak (strong) Higgs mixing, leads to anti-correlated (correlated) deviations between fermionic and bosonic final state, as shown in Fig. 5(a) (6(a) ). The different correlations between weak and strong mixing originate from the fact, that in case of strong mixing the singlet fraction of the 125 GeV boson becomes so strong, that it reduces the couplings to all SM particles, which leads to correlated changes for all decay channels. In case of weak mixing the couplings to SM particles are only mildly changed, so the total width stays rather constant. The fit requires deviations for the selected tauchannel, which changes the coupling for fermions. Given the almost constant total width then results in an anti-correlated change for bosons. The mixing is a strong function of the mass difference (see Fig. 8 , where CASE III only corresponds to the narrow vertical stripe with m H 1 ≈ m H 2 ), so looking for correlations in possible deviations of the 125 GeV boson from SM expectations could give useful hints about the existence and mass of the singlet Higgs boson. The features of these "genuine" NMSSM effects have been detailed for representative benchmark points in Appendix D.
Precision measurements at future colliders will allow to measure the 125 GeV Higgs boson signal strengths with much higher precision than presently available, e.g. a precision of the order of 1% can be expected at future large circular electron-positron colliders, anticipated in tunnels for large proton colliders [65, 66] or a future linear electron-positron collider. [67] This would allow to study correlations of possible deviations in much more detail.
A Effectively Scanning the NMSSM parameter space
The Higgs masses and their couplings to fermions and bosons can be calculated from the seven NMSSM parameters in Eq. 3.1, which form a 7D parameter space. Experimentally the Higgs masses span only a 3D parameter space, since one Higgs mass has to correspond to the observed 125 GeV Higgs boson and all heavy Higgs bosons are all related to the mass of the heavy pseudo-scalar Higgs mass m H 3 , so one is left with three unknown Higgs masses, e.g. m A 1 , m H 1 and m H 3 , which form a 3D mass space. In the next section we discuss the advantages of sampling the 3D mass space instead of the 7D NMSSM parameter space. Mapping one space into the other can be done by fitting the 7 NMSSM parameters from the three Higgs masses in a cell of the 3D mass space together with one or more assumed values of the signal strengths, which can either be chosen as corresponding to the SM expectation or to deviate from it. The relation between masses and parameters has been encoded in the publicly available software package NMSSMTools 5.2.0 [59] , which can be obtained from the web site [63] . The procedure has been illustrated in Fig. 2 .
Relevant questions for such a procedure are: What are the advantages of sampling the 3D mass space instead of the 7D parameter space? Which constraints are used in the fit? Are the solutions unique? Does a scan of the 3D mass space lead to complete coverage of the 7D parameter space? We discuss these questions in the following subsections.
A.1 What are the advantages of sampling the 3D mass space instead of the 7D parameter space?
There are several observations in favor of SUSY, like the prediction of a Higgs boson with a mass below 125 GeV, the prediction of electroweak symmetry breaking for a top mass between 140 and 190 GeV, the prediction of a massive dark matter candidate with an extremely small cross section to interact with matter (upper limit from direct DM searches), but a 10 orders of magnitude larger cross section to interact with itself (annihilation cross section from Hubble expansion, if the DM candidate is a thermal relic) and SUSY may be part of a larger theory, given the observation of gauge coupling unification, Yukawa coupling unification and the natural connection with gravity. These results have been reviewed many times, see e.g. Refs. [15] [16] [17] [18] [19] [20] . One can sample the 7D parameter space to search for regions, where all these observations are taken into account. However, scanning the large 7D parameter space is a daunting task, so one usually resorts to a stochastic sampling of the parameter space with a "flat prior" for the parameters. This sounds like a reasonable "unbiased" approach by assuming equal probabilities for all values of all parameters. However, if the parameters are highly correlated not all parameter combinations are allowed and the prior volume is too large, thus leading to too low probabilities. Examples where this happens vary from probability calculations for accidents with nuclear power plants or space shuttle flights [68]. The most famous example for the importance of choosing the prior is certainly the search for lost submarines, which was used in reality, but is also used in a Web simulator to assist in the teaching of Bayes' Theorem [69] . As an example, one can take as prior volume the distance a submarine might have traveled from the latest known position and assign equal proba-bilities to positions on a grid centered around this position ("flat prior"). However, if one assumes the captain might have tried to reach a harbor after some accident, then positions in directions of a harbor are assigned a higher probability, which reduces the probability of all other positions in a correlated way. In contrast, new data on negative searches will enhance the probabilities of the remaining positions, so the posterior probability taking the new data into account can be used to reduce the prior volume, i.e. the posterior becomes the prior for future observations. The more efficient sampling in a reduced prior volume was the main motivation for switching from the 7D NMSSM parameter space to the 3D Higgs mass space after we found a way to transform from one space to another. Sampling the 3D space has two main advantages:
• the reduced space allows for a deterministic scan in a short time, since ALL mass combinations in the grid on the 3D mass space can be fitted simultaneously in a cluster of parallel processors. A deterministic scan guarantees a complete coverage of the 3D mass space. The corresponding coverage of the 7D parameter space is discussed below in Sect. A.4.
• The Higgs mass space turns out to be very smooth, since all mass combinations turn out to lead to acceptable fits, which is in strong contrast to the spiky likelihood distributions of the 7D NMSSM parameters from correlated parameters. These correlations lead to many forbidden regions, as can be seen from Fig. 9 showing some correlations of accepted points in projections of the 7D space.
In the left panel of Fig. 9 one of the so-called prior dependences, meaning the difference between sampling in linear or logarithmic representations of the parameters, becomes obvious: the low tan β values are allowed more often, so an equidistant sampling of a logarithmic distribution will more often yield success thus leading to different probabilities for linear or logarithmic sampling of tan β. This prior dependence is considered a serious problem in sampling SUSY parameter spaces, see e.g. Refs. [70, 71] . If the sampling would be guided along these higher probability regions, very much like the search for submarines is guided along the regions favored by the priors correlating positions with harbor directions, the prior dependence would largely disappear. Alternatively, one can try a multistep fitting technique [72] , but transforming to a different space with less correlated parameters, like the 3D mass space, with a smooth likelihood distribution and a much smaller prior volume, is much simpler. Furthermore, a stochastic scan with flat priors may not find highly correlated regions in a 7D parameter space, just like it is difficult to find a submarine with the assumption of flat priors for all locations instead of correlating the positions with harbor directions. Unfortunately, SUSY has in this respect many "harbors", because the marginal data allows many parameter combinations, so it is hard work to find the correlations between the many parameters. Avoiding the need for using a correlation matrix during the sampling and simultaneously getting rid of the prior dependence -both possible by avoiding a stochastic sampling -are the main hallmarks for sampling the 3D Higgs mass space instead of the 7D NMSSM parameter space.
We assume that the constraints on SUSY mass limits from LEP and LHC as well as the Higgs masses are uncorrelated. These limits have been implemented in NMSSMTools, so one can check for each fitted point, if they are allowed by accelerator constraints. Cosmological constraints can be applied in NMSSMTools as well, but as long as the nature of the dark matter is unknown, we refrain from doing this. We also refrain from using data on the anomalous magnetic moment, which has a large theoretical uncertainty. Its more than two standard deviations from the SM expectation prefers rather small SUSY masses, which have been excluded in constrained models [72] . Adding constraints for excluded regions only adds an offset to the test statistic, but it does not further constrain the parameter space. Note that we either assume the lightest Higgs H 1 to be the singlet-like Higgs boson and the second lightest Higgs boson H 2 to be the 125 GeV SM Higgs boson or vice versa. In the first (second) case, the singlet-like Higgs boson has a mass below (above) 125 GeV. There are also solutions where m H 1 = 125 GeV, m H 2 > 125 GeV and m H 3 is singlet-like, but we focus on scenarios where the heavy Higgs bosons are MSSM-like.
We restrict the range of the Higgs masses in the 3D mass space to the following values:
Although heavier Higgs bosons outside the range in Eq. A.2 are not forbidden, they are not relevant for LHC physics, so we did not investigate them here. The LHC constraints require a minimal SUSY breaking scale, which avoids bino-like solutions for the lightest neutralino in most, but not all, regions of the parameter space, since in some regions the lower limit of the bino mass element in Eq. C.3 (M 1 ≈ 0.4m 1/2 ≈ 300 GeV) can be smaller than the diagonal matrix element of the Higgsinos (µ ef f ). The latter can reach values up to 600 GeV in small regions of parameter space, as can be seen from the left panel of Fig.  9 . All accepted mass combinations were found to have m H 3 in the alignment limit, where all heavy Higgs masses have mass splittings below 3%. But the mass splittings are not used in the fit, so the results are independent of the splittings. The splittings have simply been calculated from the parameters found by the fit.
A.3 Does the fit lead to unique results?
After fitting all cells in the 3D Higgs mass space one obtains the regions of the 7D parameter space allowed by the fit, which are shown for a few parameters in two dimensional plots in Fig. 9 . The parameters tan β and µ ef f show a strong negative correlation, while the trilinear couplings show a strong positive correlation for the GUT scale input parameters. The values of the trilinear couplings at the SUSY scale are much more restricted than their values at the GUT scale, because of the fixed point solutions of the RGE for A λ and A κ , which means that the SUSY scales are largely independent of the GUT scale values. However, the SUSY scale values depend on the chosen Higgs and SUSY masses, so the ranges of A λ and A κ at the SUSY scale are still appreciable, as shown in Fig. 7 of Ref.
[61]. In the allowed range of λ − κ one can identify two preferred regions, as shown in the right panel of Fig. 9 : a region with NMSSM-like solutions with large couplings κ and λ and a region with small couplings, which is more MSSM-like, meaning a smaller mixing between the Higgs doublets and the Higgs singlet. The solutions in the different regions are quasi-degenerate in the sense, that they describe the same mass combination on the grid and close to the same signal strengths of the 125 GeV bosons, since this was imposed by the fit and only points with a good fit, meaning a χ 2 value close to zero, were accepted. How degenerate the solutions in a given region are depends on the χ 2 cut and the flatness of the χ 2 distribution, which depends on the SUSY mass parameters as can be seen from the χ 2 distributions in left panels of Fig. 3 . The solutions are only degenerate with respect to the SM-like Higgs boson, since the signal strengths of the heavy scalar boson experience the tan β enhancement, which lifts the degeneracy, as discussed in one of our previous papers [43] .
The origin of the splitting into two allowed regions can be understood if one considers the approximate expression for the mass of the 125 GeV Higgs boson at tree level [21] :
3)
The first two terms are present in the MSSM already, while the last two terms are unique to the NMSSM, which increase the 125 GeV Higgs mass already at tree level. The first tree level term can become at most M 2 Z for large tan β, so the difference between M Z and 125 GeV has to originate either from the logarithmic stop mass corrections ∆t or from the two remaining NMSSM terms. The two regions originate then from a trade-off between the various contributions: one solution for large tan β with large MSSM contributions and one with small tan β leading to large NMSSM contributions.
In the high tan β regime the first term is maximal and the last two NMSSM terms can be smaller, meaning smaller values of the NMSSM couplings κ and λ. In the small tan β regime the opposite happens and 125 GeV is only reached for large values of the couplings κ and λ. These two types of solutions are exemplified in the right panel of Fig. 9 . Here we summed over all Higgs combinations, so the regions are not so small and their size furthermore depends on the mass of the SUSY particles, as shown in Fig. 5 of our previous Table 2 . Differences of the fitting procedures for the standard fits to Higgs mass combinations m A1 , m H1 , m H3 in the 3D mass space (left column) and the fit parameters for the λ − κ scan (right column), in which case the masses m A1 , m H1 , m H3 are free parameters, while the couplings λ, κ are fixed. The listed input parameters are for the case that m H2 =125 GeV, but the fits have been repeated for the case m H1 =125 GeV. The χ 2 constraints are detailed in Eq. A.1.
paper [61] . But even a single Higgs mass combination does not lead to a single point, but a range of tan β and a range of couplings in Fig. 9 , meaning quasi-degenerate solutions for certain sets of parameters. Quasi-degenerate, since in all cases the final states correspond to SM signal strengths, as required by the fit. If no good fit is obtained the combination of parameters is not entered in the plot.
A.4 Is the coverage complete?
If one scans over all mass combinations in the 3D mass space, does one cover all regions in the 7D parameter space? This can only be verified by scanning over the 7D parameter space, check for allowed regions and compare these regions with the allowed regions from the 3D scan. Unfortunately, it is prohibitive from available computing power to scan the large 7D space systematically, so one usually resorts to stochastic methods, which makes it difficult to check the completeness of the scan, especially if the parameters in 7D are highly correlated. This is the case, as shown exemplary in Fig. 9 before. We perform the test in an alternative way: instead of scanning randomly over all seven parameters, we scan in a plane of two variables only, but for each point in this plane the test statistic is optimized with respect to all other parameters. If the 7D parameter space would have been covered completely by the fit to the 3D mass scan, then the resulting distributions in the projected plane of two variables would be the same in both scans. In principle, any two variables can be chosen for the plane on which the 7D parameter space is projected. Given the ambiguities in the λ, κ plane discussed above, we choose these variables to define the plane.
In order to do a scan in a projected plane in the 7D parameter space the standard fit procedure was slightly modified by requiring the NMSSM parameters λ and κ to be fixed in the fit and leave the parameters in the 3D mass space free, including the masses. The differences with the standard fit procedure using a scan in the 3D mass space have been summarized in Table 2 .
The two regions with the smallest χ 2 values in the λ-κ plane are the green regions in Fig. 10(a) . These regions are in agreement with the two regions shown on the right panel of Fig. 9 , which is expected if the sampling in the 3D mass scans covers the same regions from sampling in the 7D NMSSM parameter space. Since no other regions were -29 - found, this is a significant consistency check, which gives us confidence that we found all solutions. The remaining regions -called intermediate regions -have a larger χ 2 -value for various reasons: for small values of λ and large values of κ the Higgs mass of the observed Higgs boson is too low, as can be seen from Fig. 10(b) , where the color coding corresponds to the Higgs boson mass. The low Higgs mass (around 123 GeV) originates from the fact, that m 0 = m 1/2 = 1 TeV was chosen. Larger Higgs masses are obtained for larger values of m 0 and m 1/2 because this would lead to larger stop corrections. In addition, the fitted signal strength µ no−loop deviates from 1 as can be seen from Fig. 10(c and µ ggf γγ is shown in Fig. 10(d) . Here, the Figure 11 . Combined measurements of the products σ· BR for the five main production and five main decay modes on the horizontal and vertical axis, respectively. The hatched combinations require more data for a meaningful confidence interval to be provided. The figure is taken from Ref. [14] .
deviations of the signal strengths µ loop of the order of a few percent correspond to the orange region.
B Experimental data on the signal strengths of the 125 GeV Higgs boson
All LHC measurements have been combined by the Particle Data Group to obtain the most precise results [14] . A Summary of the combinations is shown in Fig. 11 .
C Higgs and neutralino mixing matrix in the NMSSM
The neutral components from the two Higgs doublets and singlet mix to form three physical CP-even scalar (S) bosons and two physical CP-odd pseudo-scalar (P ) bosons, so the scalar Higgs bosons H i , where the index i increases with increasing mass, are mixtures of the CPeven weak eigenstates H d , H u and S. The elements of the corresponding mass matrices at tree level read [23] :
One observes that the element M 2 S, 22 , which corresponds to the tree-level term of the lightest MSSM Higgs boson, can be above M 2 Z because of the λ 2 v 2 sin 2 2β term. The diagonal element M 2 P,11 at tree level corresponds to the pseudo-scalar Higgs boson in the MSSM limit of small λ, so it is called M A .
Within the NMSSM the singlino, the superpartner of the Higgs singlet, mixes with the gauginos and Higgsinos, leading to an additional fifth neutralino. The resulting mixing matrix reads: [21, 74] 
with the gaugino masses M 1 , M 2 , the gauge couplings g 1 , g 2 and the Higgs mixing parameter µ ef f as parameters. Furthermore, the vacuum expectation values of the two Higgs doublets v d ,v u , the singlet s and the Higgs couplings λ and κ enter the neutralino mass matrix. The upper left 4 × 4 submatrix of the neutralino mixing matrix corresponds to the MSSM neutralino mass matrix, see e.g. Ref. [18] .
The neutralino mass eigenstates are obtained from the diagonalization of M 0 in Eq. C.3 and are linear combinations of the gaugino and Higgsino states:
Typically, the diagonal elements in Eq. C.3 dominate over the off-diagonal terms, so the neutralino masses are of the order of M 1 , M 2 , while the heavier Higgsinos are of the order of the mixing parameter µ ef f and the lightest (singlino-like) neutralino is of the order of 2κs = 2(κ/λ)µ ef f .
D Output of NMSSMTools for six representative benchmark points P1 to P6
In Sect. 6 examples of mass combinations for the three possible cases for "genuine" NMSSM deviations of the signal strengths of the 125 GeV Higgs boson from the SMexpectation were discussed. To see which parameters the fit changes to impose the deviations from the SM-expectation (regulated by µ theo ) we present for each example the Fig. 4 . Similarly, we select P3 and P4 for CASE II, where P4 corresponds to the deviations presented in Fig. 5 and P5 and P6 for CASE III with the deviations presented in Fig. 6 . The fitted NMSSM parameters for the representative mass combinations are listed in Table 3 . Here one compare the difference in NMSSM parameters required by the fit for a deviation of zero and 30%, respectively (corresponding to µ theo =1 or 0.7). From these parameters NMSSMTools calculates all masses (shown in Table 4 ) and the Higgs and neutralino mixing matrices (shown in Table 5 ). The calculated reduced couplings are listed in Table 6 . The calculated signal strengths are shown in Table 7 . One observes that the value of µ sel = µ V BF/V H τ τ of one or 0.7 is reached for H 2 for all six examples. The other fermionic final states follow closely, but for the bosonic final states the deviations are either the same or of an opposite sign, as can be seen from the second block in Table 7 for the rows corresponding to P2, P4 and P6. For P2 and P6 one finds a positive correlation between the fermionic and bosonic signal strengths, while for P4 one finds a negative correlation, as discussed in Sec. 6. The BRs are shown in Table 8 . If the deviation in the signal strengths originate from changes in couplings or BRs can be seen from a comparison of Table 7 with Tables 6 and 8 . All values in the tables are obtained from the output of NMSSMTools. All points use m 0 = m 1/2 = 1 TeV. Table 4 . Masses of Higgs bosons, sparticles and gauginos in GeV for the representative mass combinations P1 to P6 for m 0 = m 1/2 = 1 TeV. The values of m H1 , m H3 and m A1 represent the chosen mass combination in the grid of Fig. 2 . One observes the approximate mass degeneracy of the heavy Higgs masses (m H3 , m A2 and m H ± ). m H2 is the observed 125 GeV Higgs mass and m H1 the singlet-like boson mass (see large value of S 1s in Table 5 Table 8 ). For P6 the deviation from the SM-like signal strength is caused by a correlated decrease of all reduced couplings, as shown in the last column of Table 6 in the H 2 block. The explanations are given in Sect. 
